Abstract-Multilayered samples with extremely narrow GaN quantum wells in an AlN host are synthesized via ammonia MBE. The parameters of the microstructure are determined by means of EXAFS spectroscopy, high resolution electron microscopy, and low angle scattering. Their relationship to the morphology of GaN/AlN superlattices is established. The influence of growth conditions and the thickness of superlattices on their optical properties and mixing in the near boundary layers is established.
INTRODUCTION
One promising way of increasing the speed and vol ume of transmitted information is to move to optical methods of generating, detecting, and recording sig nals. This requires the development of effective and high speed photon devices equipped with photode tectors and radiation modulators operating at wave lengths in the near IR and mid IR spectral ranges. Such devices are needed to develop terabit fiber optics communications; for terrestrial communication with air and space vehicles; and for recording the radiation dynamics of atomic, molecular, and solid state sys tems. Such functional optical elements can be used in various chemical and biological sensors used to develop devices for analyzing environmental contam ination, detecting chemical and biological weapons, conducting medical diagnostics and forensic medi cine, and controlling production processes.
GaN based heterostructures are promising for the development of high speed terahertz photonic devices, due to the very strong electron-phonon interaction in these strongly ionic materials, which ensures femtosecond restoration times of the initial state. This is an order of magnitude faster than for other semiconductors. Diodes that emit blue light [1] , multi quantum well laser diodes [2] , and high speed field effect transistors [3] have already been fabricated on the basis of these structures. These are promising for the development of highly sensitive sensors [4] . The large band discontinuity in the conduction band of GaN/AlGaN heterostructures reaches 2 eV for a GaN/AlN heteropair (a record for semiconductor heterostructures), enabling us to design electrooptical switches and photodetectors based on intersubband electron transitions in quantum wells or quantum dots for the mid IR and near IR spectral ranges up to 1.3 µm.
Developers have now acquired many years of expe rience in creating low dimensional heterostructures based on materials of the А 3 В 5 type via molecular beam epitaxy (MBE). The authors of this work also made a considerable contribution to the study of their structural, electron, and optical properties in [5] [6] [7] [8] [9] [10] [11] [12] .
EXPERIMENTAL
Multilayered samples with extremely narrow GaN quantum wells in an AlN host were synthesized by MBE with ammonia as the source of active nitrogen in order to investigate the influence of growth condi tions, thickness, and the number of GaN and AlN lay ers on stresses and their relaxation in multilayered het erosystems, on the structure of the heterointerfaces in quantum wells, and on the electron and optical spectra of the investigated systems.
An AlN buffer layer 150-500 nm thick was grown on sapphire at a substrate temperature of 1000°C and an ammonia flow rate of 25 st cm 3 min -1 . GaN/AlN superlattices were formed on the surface of the AlN layer at a substrate temperature of 830°С and an ammonia flow rate of 200 st cm 3 min -1 . The thickness of the GaN and AlN layers varied from 1 to 4 nm according to time of exposure, with the number of lay ers in the sandwich ranging from 20 to 300.
The influence of the diffusion processes at hetero interfaces and the elastic stresses in the structure on the epitaxial growth and properties of the synthesized systems was investigated by means of extended X ray absorption fine structure (EXAFS) spectroscopy, high resolution transmission electron microscopy (HRTEM), small angle X ray diffraction (SAXRD), and luminescence measurements. The final aim of our study was to establish the optimum synthesis condi tions ensuring the two dimensional growth of layers and the building of superlattices with the required optical properties.
Low angle scattering was measured on the anoma lous scattering station at the Siberian Center for Col lective Use of Synchrotron Radiation at the Budker Institute of Nuclear Physics, Siberian Branch, Rus sian Academy of Sciences, using a synchrotron radia tion beam with λ = 0.15396 nm.
Electron microphotographs were obtained using a Philips CM20 transmission electron microscope with an electron energy of 200 keV; the samples were treated by ion etching (Ar + ) in an energy range of 3-10 keV.
Luminescence spectra were excited by laser radia tion with E l = 4.66 eV (E GaN = 3.5 eV < E l < 6.2 eV = E AlN , where E GaN and E AlN are the band gaps for GaN and AlN, respectively).
The GaK EXAFS spectra for the heterostructures with the quantum wells were measured using a synchro tron radiation of the VEPP 3 storage ring at the Budker Institute of Nuclear Physics. When recording the spec tra, we used the fluorescent procedure for measuring X ray absorption spectra, which is very sensitive when measuring surface layers. To optimize the measurement process and the subsequent processing of the EXAFS spectra, the samples were arranged at a small (~4°) angle to the incident SR beam, and the table containing the sample was rotated with a frequency of ~15 Hz.
The obtained data were processed using the EXCURV [13] and VIPER10.17 [14] software pack ages. When processing the data, the phase and ampli tude characteristics were calculated in the Xα DW approximation. The microstructural characteristics (interatomic distances, partial coordination numbers, and Debye-Waller factors) were determined by simu lating the experimental spectra (EXAFS fitting). The error in determining the interatomic distances for the first surrounding sphere of an absorbing atom was ≤0.01 Å (≤0.5%). Figure 1 shows the modules of the Fourier trans form |F(R)| of function k 2 χ(k) GaK EXAFS and the normalized oscillating parts of the GaK EXAFS absorption spectra k bulk GaN (the thick film). The thicknesses of the GaN and AlN films was determined from an analysis of the HRTEM data and are presented in the table. A char acteristic TEM microphotograph for one sample (sample 1) is presented in Fig. 2 . During simulation, we determined the factor of amplitude damping = 1.0 due to multielectron effects; coordination num bers N N (Ga-N) = 4; and the sum of coordination numbers N Ga (Ga-Ga) and N Al (Ga-Al) of the second coordination sphere N Ga + N Al = 12. The conventional energy of the Fermi level (E 0 = -8.5 eV) was deter mined for bulk GaN and fixed in simulating structures with superlattices. It can be seen from the table that for the multilayered samples with thick (550-850 nm) superlattices (n = 130-260), there was minimal short ening (~0.01 Å) of the interatomic Ga-Ga distances R(Ga) relative to the thick film (1 µm), which agreed with the numerous dislocations and the corresponding stress relaxation in the GaN layers found for them. It should be noted that the Ga-Al distance (R(Al)) for the samples with thick superlattices were anomalously long. These distances were ~0.1 Å longer than those characteristic of the Ga-Al solid solutions. It can be seen from the HRTEM microphotographs that the GaN/AlN phase interface is quite pronounced and we cannot speak about the formation of solid solutions in this case. This effect can be explained by the nonequi librium transition from the growth of GaN to the dep osition of AlN, the substantial stresses at the interface, and the relaxation during the growth of thick superlat tices. We note that the deposition temperature of both GaN and AlN was ~830°С (see above), substantially lower than was needed to form the equilibrium AlN layer (see above). We assume, however, that this con clusion requires confirmation and more detailed explanation.
RESULTS AND DISCUSSION
The interatomic Ga-Ga distances R(Ga) for sam ples with fewer layers (n = 20-32) and thin (80-150 nm) superlattices fall more substantially (by ~0.03 Å), cor responding to greater deformations and stresses, according to the results obtained earlier for GaN quantum dots in an AlN host [7] [8] [9] .
Using the known geometry of the atomic arrange ment in GaN and AlN crystal lattices, the average coordination numbers of Ga(N Ga ) and Al(N Al ) for the GaN layers, and the thicknesses of the GaN layers, we performed simple model calculations that allowed us to estimate the degree of Ga and Al mixing in the near boundary layer for the samples under study. We found the dependences of the N Ga (Ga-Ga) coordination numbers on the number of Ga layers in the GaN films (n) (or the thickness of the GaN films) with different Ga and Al mixing in the boundary GaN layers. The N Ga (Ga-Ga) coordination numbers and thicknesses of the GaN films were determined from an analysis of the EXAFS and HRTEM data, respectively (see table) . We thus established that the N Ga (Ga-Ga) 10.6 coordination numbers for thin samples 7 and 8 (table) corresponded to minor mixing of Ga and Al in 2 0 S the near boundary layers (≤10%). For thin samples 5 and 6, the N Ga values were somewhat lower (9.3 and 9.0, respectively). Our model estimates found there was more substantial mixing of Ga and Al at the inter faces (~20-30%) in the boundary layers of these sam ples, due apparently to certain differences in the pre liminary treatment of samples 5, 6 and 7, 8. The esti mates for thick samples showed more substantial mixing in the boundary layer (~40-50%), due possibly to their multiple heating during preparation.
It follows from our analysis of features of the lumi nescence spectra for thin samples that the more intense maxima shifted toward shorter wavelengths were characteristic of samples with more noticeable mixing at the interface (samples 5 and 6 compared to samples 7 and 8; table). It thus seems likely that a cer tain correlation between the microstructural and opti cal parameters exists for such samples.
We may conclude from our analysis of the X ray diffraction pattern on the GaN/AlN superlattice of sample 1 (Fig. 3) that there was no exact correspon dence between the location of the maxima and the integer values (n) of the reflection orders predicted according to the Bragg formula (nλ = 2dsinθ, d is the lattice constant). One way of explaining this dis agreement is that there were two or more superlat tices with close parameters in a sample. If we exam ine the superlattice period (d) in the low angle region (up to 9°), then d 1 = 0.154/2sin(1.51°/2) ≈ 5.8 nm. At high angles, an additional periodic structure appears that differs from the main structure by ~1.51°/15° = 0.1 (~10%); i.e., a lattice with d 2 = ~5.8/1.1 = 5.3 nm is evidently present in the sample. (1) and (2): GaN was 7c and AlN was 3c for (1), while GaN was 5c and AlN was 3c for (2); i.e., GaN ≈ 3.6 nm and AlN ≈ 1.5 nm for (1), and GaN ≈ 2.6 nm and AlN ≈ 1.5 nm for (2) . The superlattice periods (d) were thus d 1 ≈ 5.1 nm for (1) and d 2 ≈ 4.1 nm for (2) . The second value of d was very close to the additional value deter mined from the Raman scattering spectra for this sam ple (d ≈ 4.3 nm) and was apparently obtained from a very close surface region.
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CONCLUSIONS
Microstructural parameters (interatomic dis tances, coordination numbers, and Debye-Waller factors) were determined by means of EXAFS spec troscopy, and the relationship between the variations in these parameters and the morphology of superlat tices was established.
A minimal drop (~0.01 Å) in the interatomic Ga-Ga distances R(Ga) relative to a thick film was observed for multilayered GaN/AlN samples with thick (550-850 nm) superlattices, agreeing with the numerous dislocations found in them and the corresponding stress relaxation in the GaN layers.
The interatomic Ga-Ga distances R(Ga) for sam ples with fewer layers and thin (80-150 nm) superlat tices fell more substantially (by ~0.03 Å), correspond ing to the more substantial deformations and stresses indicated by our earlier results for GaN quantum dots in a AlN host [7] [8] [9] .
The influence of the growth conditions and the thickness of the superlattices on mixing in the near boundary layers and the optical properties of the GaN/AlN superlattices was revealed. It was estab lished that Ga-Al mixing occurs only in the layer nearest to the interface.
Anomalously long Ga-Al distances (~3.25 Å) were observed for samples with thick superlattices. This effect can be explained by a nonequilibrium transition from GaN growth to AlN growth and the more sub stantial stresses at the interface that are apparently characteristic of the growth of such superlattices, and requires confirmation and more detailed explanation. 
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